Abstract-This letter extends the design of a previously proposed uniplanar ultrawideband (UWB) antenna to include within its 3.1-10.6-GHz operation band a rejection of the wireless local area network (WLAN) band near 5.5 GHz. The antenna configuration is based on a combination of two crossed exponentially tapered slots plus a star-shaped slot printed on both sides of a 10-mils dielectric substrate. The band rejection is obtained with the addition of extra slots at the antenna back-face metallization. The radiation pattern and polarization are very stable over the entire UWB. Link measurements between two identical antennas demonstrate low pulse distortion over almost all the solid angle.
I. INTRODUCTION
U LTRAWIDEBAND (UWB) radio is an emerging and promising technology for short-range applications enabling extremely high data rate. This technology transmits very low-energy-level broadband pulses. In the U.S., the Federal Communications Commission (FCC) [1] authorized the unlicensed use of the 3.1-10.6-GHz spectrum for UWB applications with limited power spectral density emission to enable spectrum sharing with other established narrowband applications without mutual interference. UWB systems may, however, require the inclusion of band-rejection filters to avoid possible interference from existing wireless local area networks (WLANs), allocated from 5.15 to 5.825 GHz.
Recently, the required WLAN band rejection is being incorporated directly at the antenna [2] to avoid the addition of bandrejection filters in the UWB transceiver. This constitutes an additional challenge for UWB antenna design. Antennas are required to be compact, low-profile, and low-cost while presenting good pulse-preserving performance. Also, impedance match, polarization, gain, and radiation pattern stability are critical over the entire UWB. For this purpose, planar printed technology is very attractive and has been widely used for full-band UWB antenna configurations. Most planar antenna configurations in the literature are based on dipole/monopole configurations [3] or on slot-based antennas [4] . The addition of the band-notch is mainly obtained through some modification of the full-band solution-for example, by adding slots [5] to the antenna metallization.
The authors recently proposed in [4] a very compact printed planar slot-based UWB antenna. It is a balanced configuration that exhibits excellent polarization and radiation pattern stability over the full UWB while maintaining low pulse distortion over a very broad solid angle. It was referenced as the crossed exponentially tapered slot antenna (XETS). The present letter extends the previous antenna solution by adding the WLAN band-rejection characteristic with the inclusion of additional optimized slots. A complete evaluation of the new antenna performance both in frequency and time domains shows that the previous excellent characteristics in terms of radiation pattern stability and pulse distortion are maintained in the lower and upper subbands, remaining complaint with all FCC requirements and corroborating the potential of the proposed antenna for UWB applications. The band-notched version of the antenna is referred as N-XETS for brevity.
II. ANTENNA DESCRIPTION
The original antenna presented in [4] is used as reference for comparison purposes. The front face of the antenna consists of a circular metal layer with two crossed exponentially tapered slots, intersected by a star-like slot, as in Fig. 1(a) . On the backside of the substrate, chopped replicas of two front-face "petals" are duplicated, shown in Fig. 1(b) . The two backside petals are directly fed by a microcoaxial cable and couple capacitively at RF with the parallel front petals of the antenna. The antenna's perfect symmetry with respect to feed point ensures intrinsic pure linear polarization versus frequency, defining the -plane ( ), while the absence of a ground plane allows a bidirectional radiation pattern.
The modifications on the reference antenna needed to produce the band-notched characteristics without impairing the antenna UWB performance were applied to its back-face metallization. Appropriate symmetric slots were added to the "back petals" to force there a frequency-dependent behavior of the current distribution. The slots' width, length, and V-angle [ Fig. 1 Both faces of the antenna prototype are shown in Fig. 1 . The substrate is 10-mil-thick DUROID 5880 with permittivity . The front-face slot dimensions are identical to the antenna in [4] . The new slots seen in Fig. 1(b) , responsible for the bandnotch, have the following dimensions: mm, mm, mm, mm, mm, and . The antenna's overall diameter is mm. Although a balanced antenna configuration is adopted here having in mind direct integration of differential RFICs at its back without RF cables or additional balun [7] , the prototype is fed directly by a 50-semirigid microcoaxial cable with 0.047-in diameter [ Fig. 1(a) ] to make broadband measurements simpler. The thin cable produces low common-mode current with only marginal influence on the antenna performance [4] .
III. FREQUENCY DOMAIN PERFORMANCE
The measured and CST simulated input reflection coefficient for the N-XETS antenna are shown in Fig. 2 , superimposed on measured curves from the reference antenna [4] . The measured curve agrees well with simulations and demonstrates a good impedance match for both antennas over the full UWB from 3.1 to 10.6 GHz. For the N-XETS antenna (Fig. 1) , the desired band rejection is centered at GHz and covers the desired 675-MHz bandwidth. Measured and simulated radiation patterns (amplitude and phase) for , 7, and 9 GHz are shown in Figs. 3-5 . The unbalanced feeding originates a very slight lack of symmetry in the -plane radiation pattern and higher cross-polarization levels in the -plane due to stray common-mode currents. Nevertheless, cross-polarization level is quite low and stable across the frequency band. The phase characteristic is also quite constant in most of the solid angle for all frequencies, which translates into a well-defined phase center almost coincident with the antenna plane. The radiation pattern is bidirectional; however, the region is omitted because it is blocked by the antenna supporting tower during measurements.
To evaluate the pulse-preserving performance of the N-XETS in a UWB link, two identical antennas where placed face-to-face separated by a distance of cm. Using a vector network analyzer (Agilent PNA E8361A) and after a full port calibration at the antenna terminals, measurements of were performed in an anechoic chamber between the input and output terminals of the transmitting and receiving antennas. The results in Fig. 6 show good agreement with simulated curves and demonstrate a very sharp decrease in magnitude at the desired band around GHz. Outside the rejection band, the N-XETS performance is similar to the reference antenna [4] ; see Fig. 6 . For frequencies below the notch, the magnitude is reasonably constant and the unwrapped phase is almost linear. However, above the notch, the magnitude shows some perturbation although the phase is almost linear. The antenna transfer function , is obtained from the measured [8] . With appropriate normalization [8] , the amplitude of the transfer function in decibels is identical to the antenna gain. Results shown in Fig. 7(a) demonstrate reasonable constant gain in the lower band and about 2 dB gain variation in the upper band. This is mainly due to the narrowing of the radiation pattern in the -plane, Fig. 5 . The sharp gain decrease at the notch band is due to the intentional antenna input impedance mismatch seen in Fig. 2 . Fig. 7(b) shows the phase derivative of the transfer function, the group delay . It is nearly constant and close to zero with an expected oscillation in the notch band. This ensures that the phase center of the antenna is stable and very close to the antenna plane over the entire operating bandwidth.
IV. TIME-DOMAIN PERFORMANCE
The degree of distortion that a link introduces in the transmission of a pulse depends not only upon the transfer function, but also on the input waveform and the associated spectrum. Two carrier-based Gaussian pulses [2] complying with FCC indoor spectrum mask (Fig. 8) are used separately for the UWB lower band (3.1 to 5.15 GHz) and for the upper band (5.825 to 10.6 GHz) to evaluate the pulse-preserving performance of a link between two face-to-face identical N-XETS antennas. The central frequency of the lower band pulse is GHz with ns Gaussian width, while the upper band pulse has GHz and ns. The spectrum amplitudes of the input pulses and the transmitted pulses (EIRP at 1-MHz bandwidth of a single antenna at direction) are also presented in Fig. 8 . The impulses fully comply with the FCC indoor spectrum mask, including a 10 dBm/MHz power decrease in the WLAN band. The received pulse can be calculated by multiplying the spectrum of the input pulse by the measured link transfer function and then applying an inverse Fourier transform. For better comparison, the output pulses shown in Fig. 9 are scaled in amplitude, divided by the maximum value of , and shifted in time to superimpose with the input pulses. The resulting normalized pulse amplitudes for the lower and upper bands are shown in Fig. 9 . The output pulses preserve the general shape of the input pulses, with slight ringing in the output trailing edge.
To quantify the pulse distortion, two figures of merit are used. One is fidelity ( ) [9] , the correlation coefficient between normalized input and output pulses. For ideal transmission without distortion, is 100%. The second figure of merit is the output-to-input ratio of the time window containing 90% of the pulse energy (RE90) [3] . For the measured output pulses in Fig. 9 , we obtain , for the lower band, and , for the upper band. Similar to previously presented results, again CST simulations show excellent agreement with measurements, which entitles use of this simulator to estimate the fidelity of a single N-XETS antenna over the whole solid angle for the upper and lower bands (see Fig. 10 ). For the lower band of the N-XETS, fidelity values range from 90% to 95%. For the upper band, the fidelity values ranges from 80% in the -and -planes near to 95% in most of the front and back hemispheres. The slight lack of overall symmetry is due to the feeding coaxial cable. Identical results were observed for RE90 parameter.
As foreseen from the link transfer function in Fig. 6 , the antenna pulse-preserving capability is better in the lower band. Nevertheless, full compliance with UWB requirements are obtained for both bands, compatible with hundreds of Mbit/s bitrates.
V. CONCLUSION
The study confirms that the proposed 35 mm diameter UWB antenna based on a balanced uniplanar crossed-slot configuration offers an excellent rejection of the full 675 MHz WLAN band centered at 5.5 GHz while maintaining the best characteristics of the original XETS design. In fact, experimental and simulation results show that, outside the rejection band, radiation pattern and polarization are quite stable versus frequency, and pulse-preserving characteristics are maintained over most of the solid angle. The antenna remains compact and low-profile (35 mm diameter and 10 mil thickness) and still enables use of a differential UWB chip transceiver directly on the back petals of the antenna. The antenna uses new optimized slots at the back face of the substrate, compatible with the high symmetry of the XETS, to achieve the above goals
